The structural crashworthiness analysis involving buckling, plasticity, crushing, and fracture with the strain-rate effects is required to evaluate the characteristics of structural deformations and impact energy dissipation at the event of collisions between ships or offshore platforms and icebergs. The constitutive equations of both steels and ice materials should be characterised for numerical computations as the collision impact energy is dissipated by the two colliding and deformable bodies, namely not only ships or offshore platforms but also icebergs. The primary objective of the present study is to examine ice properties and propose a constitutive equation of ice materials which shall be implemented into nonlinear finite element method computations of the structural crashworthiness associated with the collisions. Previous studies are first surveyed in tems of the influencing parameters as the many uncertainties involved make the problem highly complex. The parameters affecting the mechanical properties of ice materials are then discussed. In addition to referencing the existing test database associated with the mechanical properties of ice materials, a new test database is obtained by laboratory testing of the authors' group. Based on findings from the existing and the new test database, a new constitutive equation used for ice materials is proposed associated with quasi-static and impact responses.
Introduction
Water, the source of life, appears in both its liquid and solid forms. Ice has a unique structure, but it is considered as a class of materials rather than a single specific material (Shazly et al. 2009 ). Ice is an important element that affects cold ocean exploration, polar marine transportation and the design of ships and offshore structures that operate in arctic areas.
It has grown increasingly important to understand ice as offshore exploitation for oil and natural gas has increased in arctic areas. Engineers face numerous challenges in dealing with the forces exerted on structures that operate in ice-infested waters. Estimating ice loads is necessary, not only for calculating deformations on a ship's structure but also for assessing the minimum power level of a ship's main engine and its manoeuvrability. Furthermore, predicting ice loads is essential in designing icebreakers. 2 Analytical techniques, numerical methods, or small-and full-scale experiments were used to estimate ice loads.
Ice-steel interaction may be assumed that both ice and steel are rigid, or that steel alone is rigid or vice versa. For better and more realistic results, both of these materials should be considered to be deformable. A considerable amount of research has been done to measure ice properties, and several review articles have been presented to summarise their findings (Timco & Frederking 1996; Schulson 2001; Jones 2007) . However, calculating ice behaviour remains a challenge for engineers, especially in terms of numerical methods. Previously, studies examining the forces of ice impact on ship hulls have used material models from specific experiments or have obtained their results by trial and error (Zamankhan 2010; Lau et al. 2011; Liu et al. 2011a; Zong 2012; Gagnon & Wang 2012) . Clearly, greater knowledge of the structural behaviour and material properties of ice is requiredto calculate interaction forces more accurately so that a greater number of realistic simulations can be analysed. Therefore, the old experiment database collections are extended with new literature and experiments, and regulated based on certain parameters in this study.
It is interesting to mention that the current industry practices in the nonlinear finite element method analysis of the steel structural crashworthiness involving plasticity and impact mechanics are to directly implement quasi-static tensile test database on the test specimen of steel materials associated with different types (e.g., mild steel or high tensile steel) or grades (e.g., grade A, D or E) in terms of true stress-true strain relationship and then to apply relevant models for strain rates (e.g., Cowper-Symonds equation) and fracture criteria. Ideally, the same approach must be applied for ice materials in association with different site-specific and season-specific metocean characteristics due to temperature, salinity and strain rates, among others, but it is extremely challenging to obtain the test database of ice materials even for quasi-static conditions. It is thus highly demanding to develop a relevant constitutive equation of ice materials.
The primary objective of the present study is to review literature in terms of the influencing parameters which highly affect mechanical properties of ice and to formulate a constitutive equation of ice materials that shall be implemented into nonlinear finite element method computations of the structural crashworthiness at the event of collisions between ships or offshore platforms and icebergs. As the characteristics of ice materials depend on site-specific and season-specific conditions, the constitutive equation and related strength model of ice materials is formulated as a function of influencing parameters where the related coefficients can be defined based on site-specific ice properties that correlate with metocean properties.
Literature Review
In this section, numerous articles are reviewed in terms of the properties of ice at material and structural levels, including its elastic behaviour and its uniaxial compressive strength in association with impact loading speed and to various metocean conditions. Nnumerical ice models are also examined.
The behaviour of ice at material and structural levels
In nature, ice is a very complex material, with many differing crystalline structures and a wide diversity of physical and mechanical properties. The strength of ice depends on various factors, including temperature, crystalline structure, salinity, and loading conditions. For instance, bending tests have found that the structural strength of ice differs 3 from that of materials having purely uniaxial tensile strength (Hawkes & Mellor 1972) . Sea ice has additional parameters that affect its properties, such as salinity, density and grain size. Sea ice grows in thin layers, and as it freezes it incorporates liquid brine and air bubbles (Cole 1998) .
Ice displays two kinds of inelastic behaviour under compression. It is ductile at lower rates of deformation and brittle at higher rates and transition of ductile to brittle occures at certain strain rate. Various studies have focused on explaining ice behaviour and the strain-rate relationship (Schulson 2001; Petrovic 2003; Moslet 2007; Shazly et al. 2009 ). Additionally, this change is seen clearly during the experiments of this study. Jones (2007) suggested a number of equations to estimate the strain-rate effect on the compressive strength of freshwater and iceberg ice, based on results from both the literature and his own experiments. Other researchers have focused on the temperature effect (Arakawa & Maeno 1997; Sammonds et al. 1998 ). However, a more inclusive material model is needed to characterise the ice behaviour.
Ice models for numerical computations
With advances in the capacity of computers and computing techniques, engineers are able of doing increasingly complicated simulations of the behaviour at material and structural levels. This capability of technology gives us the freedom to focus our intelligence to define the material properties of ice, and to use macros and other tools to modify designs in conjunction with specific requirements.
Three approaches are commonly used for the numerical simulation of ice and steel interaction: strength design, ductile design and shared energy design (Liu et al. 2011b; Norsok 2013) . As for steel, numerous studies have been done and many material models are available to numerically simulate steel's behaviour. For simulating ice behaviour, researchers have used various material model approaches, including crushable foam modelling, the Lemaitre damage model, or the smoothed particle hydrodynamic (SPH) model. However, none of these material models considers all of the factors that affect the mechanical behaviour of ice.
Gagnon (2011) used a crushable foam material model and defined two stress curves: yield stress versus volumetric strain. This model was able to solve problems in which the top layer of ice was melting and the lower layers of ice remained solid. Figure 1 illustrates the stress-strain relations as discerned by Gagnon. The low-stress curve is for crushed ice and the high-stress curve is for the solid layer of ice. The outer ice and inner ice temperatures can differ because the surrounding water may vary from a minimum of -2 o C to higher temperatures. As already mentioned, changes in temperature greatly affect ice strength. Therefore, if two ice layers have different temperatures, it is more realistic to make two different ice material definitions.
4 Figure 1 . Stress versus volumetric strain curves for the high-stress and low-stress crushable foam facets as investigated by Gagnon (2011) .
von Bock und Polach and Ehlers (2013) used randomly created air and liquid elements along with the Lemaitre damage model (Lemaitre & Desmorat 2015) . For liquid particles, they used elastic fluid material (4.5%), and the air element (1%) was deleted. The Lemaitre damage model showed pressure independent plasticity material behaviour. Damage was represented as progressive weakening of the grain boundaries.
The SPH (smoothed particle hydrodynamics) model is a computational method used for simulating fluid flows. This method has been used for numeric solutions to problems in many fields of engineering such as astrophysics, ballistics or oceanography. SPH is a meshless method. Ortiz et al. (2015) used a solid SPH model to predict the dynamic crushing behaviour of ice. Liu et al. (2011b) used a simple plastic model that was based on plastic theory and was strain rate dependent. They combined the Tsai Wu yield surface criteria and the associated flow rule to better describe ice behaviour. These researchers were the first to use the Tsai Wu yield criteria for an FEM application in iceberg simulation. Liu et al. also proposed a quasi-static model to simulate ice structural behaviour. In addition, the HolmquistJohnson-Cook model and the brittle damage model have been used for modelling ice behaviour numerically (Nisja 2014) .
The main challenge for researchers in this area is to simulate the behaviour of ice in a way that accounts for the complexity of ice fractures and the varieties of ice behaviour under changing conditions.
Parameters Affecting the Mechanical Properties of Ice Material
Ice is a crystalline material, and its structure includes a mixture of ice grains and varying volumes of brine. Ice grained formation requires a stress at least 60 times greater than that of the ice structure composition (Duval et al. 1983) . Ice structure characteristics depend on environmental conditions such as daily/seasonal temperatures, winds, waves and seawater ingredients. Thus, ice contains differently orientated crystals, and most saline ice is contained between the crystals. Therefore, the material properties of ice and its structural properties are not the same.
Although the material properties of ice are more stable than its structural properties, a slight misorientation between the crystals can make ice behave differently from uniformly oriented ice. Also, it is nearly inconceivable to find fully oriented ice in nature. Ice grains are very small and their sizes and shapes are not constant, so particular grains 5 cannot be used to determine the mesh size for numerical models. Hence, focusing on the structural behaviour of ice is more practical than focusing on its material behaviour.
Examining elastic and failure strength behaviour may help us to better understand the structural behaviour of ice. However, these kinds of behaviour cannot be explained in the classic way, because ice exhibits too complex mechanism to deal with. A number of parameters affect the structural behaviour of ice, such as temperature, strain rate, salinity, minerals, porosity and density. To examine ice strength and fracture mechanism, the parameters are focused on the greatest effect, namely impact speed and environmental factors. Table 1 summarises the highly influencing parameters which were investigated in this study. 
Metocean effect on ice properties
The term 'metocean' comes from an abbreviation of the words 'meteorology' and 'oceanography'. This term is used in the offshore oil & gas industry to describe the environment around an offshore structure. Metocean data are essential for the design of ships and offshore structures that are destined for ice-infested seas. Due to these environmental conditions, the properties of ice in different seas can differ greatly. For example, ice formation in arctic areas is very different from that of ice that forms on inland seas (Pashin et al. 2011 ). Thus, ice types are as diverse as the regions in which they form. The earth's cold regions have huge variations in their geography, resources and environmental conditions, and these different conditions create a variety of highly complex ice structures. The design of these structures requires practical knowledge of the physical changes in ice that occur throughout the year, depending on the current, wind, water ingredient, temperature, salinity, etc. In impact engineering (Jones 2012) , it is necessary to simplify this complexity and to find reasonable solutions for ice behaviour. To accomplish this, we start by reviewing the properties of sea ice based on its temperature and salinity.
Temperature effect
Mechanical properties of all materials are affected by temperature. The effect of variations of temperature on ice material behaviour is more complicated. The temperature of ice varies from location to location and also from season to season. Within each year, ice temperatures change continuously, with large changes occurring in the two main seasons in the earth's yearly rotation. Thus, ice should be considered site-specific and season-specific.
Temperature has a strong effect on failure stress as lower temperature makes stronger ice. Besides, the structural behaviour of ice cannot be considered independently from the melting-freezing (recrystallisation) process that happens during compression. During failure in polycrystaline ice, micro cracks occur between crystals. Then, seperated crystals change their locations and bond with other crystals by the effect of low temperature. At 6 the end of the process, new polycrystal structure occurs. This new structure resists failure force stronger than previous one. The recrystalization phenomenon increases in lower temperature.
Salinity effect
Salinity gives the most important difference between freshwater and sea water ice. The freezing point of water decreases with the increase in salt concentration. As the water freezes, it leaves behind the salt, which then dissolves in the remaining water, forming a high-density solution called brine. This brine is surrounded by the fresh water ice. As freshwater freezes faster than high-salinity water, the result is a formation of brine pockets that need comparatively lower temperatures to freeze. Thus, at any given temperature, ice near the brine pockets is weaker and more ductile than ice that is further from those pockets. The weaker ice breaks more easily, forming cracks due to stress concentration.
To better understand the effects of salt on ice, we need to consider a water-salt phase diagram. According to Figure 2 , sea ice has brine pockets at temperatures above -21 o C, and below that temperature the structure consists of only ice and salt particles. Thus, ice strength especially that of sea ice, is very sensitive to temperature. Also, it is a known fact that sea water freezes at a lower temperature(-1. (Shepard et al. 1976) .
Sea ice has a very complex composite structure due to the randomly located pockets of brine and other elements dissolved in the water. Figure 3 shows these phenomena in a schematic way. To characterise the salinity effect of ice, the root brine volume, Actually, 90% of salt is rejected during freezing in sea water, Additionally, high concentrated brine volumes are melting and leaving from the ice because of yearly temperature changes. Therefore, salinity of the icebergs is really low or those are freshwater ice.
Strain rate effect
The structural behaviour of ice is highly dependent on impact speed as similar to metals (Jones 2012) . There are a large number of studies which explain the relations between failure stress and strain rate on ice. Failure process of ice is much more complex than metals. It shows both ductile and brittle behaviour. Its failure stress increases up to a certain strain rate, and then sharply decreases. While ice mechanics shows ductile behaviour before this decreament, for higher rates of strain rate ice behaves as brittle. Therefore, the value of this strain rate is accepted as the point of transition from ductile to brittle ice (Schulson 2001) . Figure 4 shows the general trend of the compressive stressstrain relationship with different strain-stress. At higher strain rates, most of the deformation in ice is elastic, because there is inadequate time to develop plastic deformation (Dutta et al. 2004 ). In the next section, previous studies on literature about effect of temperature, salinity and strain rate on ice mechanics are further reviewed and detailed explanations widely discussed with the help of new conducted experiments.
The Existing and the New Test Database
The literature includes a number of studies on the effects of different parameters on ice. In addition to the existing test database in the literature, some new test database was also obtained by the laboratory tests. In this paper, we report on 99 tests that were conducted to determine the individual effects of various parameters.
In this section, the new ice experiment procedure is described and literature database collection is indicated in graphs with new results for both sea water and fresh water ice in terms of strain rate, temperature and salinity. Finally, fracture behaviour will examine from the point of strain rate and temperature.
New test database
In authors' test laboratory at Pusan National University, the effects of strain rate, temperature and salinity were examined by compression tests on salt ice, and every test was repeated five times. When one parameter was examined, the other two parameters were kept constant. Specimens were prepared using small ice cubes mixed with 0 o C sea water and then frozen at -20 o C for some 24 hours. For other temperatures, ice was kept at the test temperature for some 30 minutes. Cylindrical specimens were used to avoid edge problems. The experiment is performed in a cold chamber to keep the target temperature unchanged during tests by using universal testing machine (UTM). Table 2 indicates UTM specification. Figures 5 and 6 show the test set-up and some photos from the experiments. Very thin layer plastic plates were used to avoid heat transfer between ice and test equipment. The UTM was used for compression tests. During tests, displacement and force were measured to characterise the stress-strain relations. 20 kN capacity load cell connected to laptop computer was used to measure loads more accurately. In the following sections, the new test database is discussed together with the existing test database. 
Strain rate effect
As mentioned in the previous section, ice properties depend on loading speed associated with quasi-static and impact structural responses. Therefore, the strain rate effect is the most commonly studied parameter in the literature. We examined this parameter to determine its effect on the failure stress and the elasticity modulus (Young's modulus). Figure 7 shows the failure stress versus strain rate relationships in freshwater ice and sea ice. Both graphs in Figure 7 show results that are more scattered at the same strain rates in the brittle areas. As the tests were done at a high strain rate, the fractures should have occurred very rapidly. Thus, this scatterness may be due to challenges of 10 measurements that must have occurred. In addition, salinity is also an important parameter for sea ice, and the reported tests for sea ice might have been performed on seawater from different locations. Tables 3 and 4 Sinha (1987) -10 First year ice Gagnon (1995) -11 Greenland Sammonds (1998) -10 and -20 0.16 ppt Jones (1997) -11 2,4+-0,7 ppt Baltic sea
Failure stress

Young's modulus
The strain-rate dependence of Young's modulus for ice materials was evaluated by using experimental results from the literature, as shown in Figure 8 . All of the results were obtained by mechanical tests where compressive loads were applied to test speciments. The effects of testing methods on the elasticity modulus calculation are explained later in section 4.3.2.
Although it is quite scattered, it is considered that the Young's modulus of freshwater ice is constant regardless of the strain rate, similar to metals, but some limited test results obtained for sea ice by Tabata et al. (1967) tend to decrease significantly as the strain rate increases, as shown in Figure 8(b) . However, based on the insights for freshwater ice in Figure 8 (a) and also those for temperature as described later in section 4.3.2, it is assumed that the Young's modulus of ice is constant against strain rates, similar to metals, but further studies are certainly encouraged. 
Temperature effect
The temperature effect was investigated in terms of failure stress and Young's modulus.
Failure stress
Most previous studies have been focused on the effects of temperature on the strength of freshwater and seawater ice. Figure 9 shows the relationship between failure stress versus temperature for freshwater and seawater ice. The laboratory tests showed that temperatures were lower than those found in the previous experiments in the literature. As previously mentioned, there are many uncertainties concerning seawater ice. Therefore, obtaining consistent results is challenging, even in tests repeated with the same equipment.
In general, the strength of ice increases with decreasing temperature. The failure strength of freshwater ice increases with decreasing temperature by 0. Multi year sea ice
Young's modulus
The Young's modulus of ice is challenging to determine, as repeated tests on ice with the same apparatus and the same test conditions do not give consistent results, and the stress-strain curves found in the literature do not validate each other. It is considered that sonic tests are more consistent in providing similar Young's modulus results (Northwood 1947) . Figure 10 shows the relationship between Young's modulus versus the temperature for freshwater and seawater ice, using different testing methods. According to sonic tests, the elasticity modulus of ice is not temperature-dependent. However, the results from other methods are quite different. It is clear from Figure 10 (a) that the test results carried out using mechanical methods (compression and bending) give differing results.
There are many different elasticity moduli for the same temperature in the mechanical loading tests. For example, during bending or compression tests there are a number of additional parameters to consider, such as adhesive forces between the equipment and the ice, the equipment temperature, melting that occurs during the test and the recrystallisation effect.
Boyle and Sproule (1931) showed the temperature effect on the elasticity modulus. However, the values they found showed only minor changes that could be considered negligible, and thus, the results could be assumed constant. The dashed rectangle in Figure 10 (a) shows the results of several sonic tests, performed by Boyle et al. (1931) and Northwood (1947) .
It is clear that the sonic test results are similar, and the other results are not. Thus, the Young's modulus of ice is assumed to be constant against temperatures, based on sonic test results. By using the sonic test, it is found that the average elastic modulus of ice is 9.7 GPa. 
Salinity effect
Each sea has different metocean properties at different times of the year. For example, Leppäranta and Hakala (1992) studied the structural behaviour of first-year ice in the Baltic Sea. They found that the ice salinity rate was 0.5%, and the density of the ice was 0.9 g/cm 3 in that region. Urabe and Inoue (1988) studied the Antarctic sea ice, finding that its salinity ranged between 0.1 and 0.25%, its density was between 0.75 and 0.9 g/cm 3 and its root brine volume was between 0.025 and 0.05%. 16 The salinity of ice also varies with time. Sammonds et al. (1998) gathered data on first-year sea ice from Tuktoyaktuk and Prudhoe Bay, and data on multi-year sea ice from Buckingham Island. The salinity of ice from Tuktoyaktuk and Buckingham Island was between 1 and 3 ppm, but that of the Prudhoe Bay ice was between 4 and 7 ppm. Although the Tuktoyaktuk ice was first-year ice, its salinity was the same as that of the Buckingham Island multi-year ice and salinity of Prudhoe Bay first year ice is higher than Buckingham Island ice. Therefore, instead of finding a general difference between first-year and older ice, site-specific ice examination gives a better strategic idea of ice strength in each locality. The salinity effect on ice strength is shown in Figure 11 . Figure 11 . Salinity effects on failure stress.
Fracture mechanics of ice
Ice fracture behaviour is also affected by strain rate and temperature. In this section, the main aim is to measure the material resistance against fracture in stress-strain relations, depending on the strain rate and the temperature, although this information is not directly used to formulate the constitutive equation on ice materials. Those are very important to calculate accurately main inputs of discrete element methods which can be used for ice modelling in FEM.
Strain rate effect on fracture
Previously, the studies of ice behaviour have examined the strain rate, and in this section, how fracture resistance changes by the strain rate will be examined. Figure 12 shows the relation between the strain rate fracture toughness for freshwater and sea water. The fitted curve equation may be used to calculate the energy-release rate for a discrete element model of ice behaviour. Figure 12 . The fracture toughness-strain rate relationship for freshwater and seawater ice.
(a) Freshwater ice (b) Seawater ice
Temperature effect on fracture
Temperature is another important parameter for fracture resistance. Figure 13 illustrates the relationship between temperature and fracture toughness for freshwater and seawater ice.
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(a) Freshwater ice (b) Seawater ice Figure 13 . The fracture toughness versus temperature relationship for freshwater and sea ice.
Proposal of a New Constitutive Equation on Ice Materials
As a structural engineering problem, ice material can be dealt with in a similar way to metals. Mechanical properties of ice materials are affected by site-specific and seasonspecific conditions, and they must then be defined in association with metocean data for the purpose of engineering and design practices.
This section formulates a new constitutive equation on ice materials associated with quasi-static and impact structural responses. Section 2.1 explained that ice has ductile behaviour under a certain level of strain rate and shows brittle behaviour at upper band of the critical strain rate. As per Figure 7 , it is obvious that ice material usually follows brittle behaviour although it may follow ductile behaviour in a quasi-static condition with a very 
where  = engineering stress,  = engineering strain, E = Young's modulus which may be taken as 9.7 GPa for freshwater or sea ice material, In the following, the remaining parameters of physics to be defined in equations (2) and (3), namely F  and C  are now determined as a function of strain rate, temperature and salinity where the effect of grain size is not considered. Again, they must be dependent on site-specific and season-specific conditions and thus metocean database should be used. However, as an illustrative example, this section defines Johnson and Cook (1983) suggested a model used for metals to represent the relationship between engineering stress and engineering strain, taking into account the effects of strain rates and temperatures. The original Johnson-Cook model is formulated as follows.
where p  = plastic strain,  = strain rate, o  = reference strain rate, T = temperature, o T = reference temperature, and A, B, C, n, and m are the test coefficients of materials.
The original Johnson-Cook model does not take into account the effect of salinity, and temperature is considered to be affected linearly on ice strength against it. In the present study, equation (4) is modified to take into account the effects of salinity and temperature as follows.
ln ln( )
where D is the test coefficient associated with the salinity, b
 is the brine volume as defined in equation (1) and bo  is the reference brine volume. In this model, time dependency of ice, hardening and viscous effects are neglected to simplify the problem. The model also helps us to put all of these parameters together into one governing equation. It is necessary to create a constitutive material model that can adequately represent a wide range of strain rates, temperatures and salinity levels. Although the stress-strain curves of ice as obtained from experimental results are inconsistent, the trends of the curves can be used.
For more refined design and engineering purpose, it is suggested to define the test coefficients in equation (5) from testing for ice cut out of icebergs associated with sitespecific and season-specific conditions. In the following, the test coefficients are defined based on the existing and the new test database as an illustrative example which can still be beneficial for the practical purpose of design and engineering.
The strength-strain rate relations for freshwater and seawater ice are examined in Figure 7 . It can be seen that the critical strain rate cr  can be taken as (6) for ice in the ductile area. In a similar way, a curve can be fitted for ice in the brittle area as formulated by equation (7). 
In Figure 9 , the failure stress versus temperature relationships are fitted based on the test database for freshwater and sea ice as follows. As previously discussed, salinity has important effects on ice strength, as is shown in Figure 11 . For predicting the effect of salinity on ice, Timco and O'Brien (1994) suggested equation (10). In Figure 7 , the strain rates of freshwater and seawater ice and the graphic fitted curves of the equations' ratios are almost constant. Also in Figure 9 , the tangents of the freshwater and seawater ice temperature are similar. Therefore, it can be said that the effect of salinity is independent from the strain rate or temperature. 
According to the characteristic curves which were fitted with the test database, the coefficients of equation (5) can now be calculated for arbitrary strain rate, temperature and salinity by keeping other two parameters constant as indicated in Table 7 . Table 7 . Reference parameters for seawater ice associated with equation (5) In equation (5), A is the constant, which is the yield stress when the strain rate is equal to the reference strain rate. The test coefficients in equation (5) are defined based on the previous section's findings concerning ice structural properties. This equation is suitable for conditions of between 0.005 and 0.5 root brine volume. For freshwater ice, the salt parameters should be ignored. Considering the existing and new test database and insights noted above, the coefficients in equation (5) are then suggested as indicated in Table 8 . 
Commercial finite element programs have extensive material model library. Additionally, they have user-defined material model (UMAT) option for analysts. UMAT subroutine is implemented to half compiled source code of such programs. To implement the present model into such programs, the following assumptions may be applied.
 Temperature and salinity are assumed to be unchanged during ice impact. Therefore, temperature and salinity parameters are not updated during the calculations.
 Strain rate shall be calculated at every iteration and stress updates based on the constitutive equation as per the new strain rate at the iteration step. (2) and (3), a fracture model must be applied. Fracture mechanism of ice cannot be described simply definition of fracture strain or fracture stress. As discussed before, the fracture behaviour also depends on the conditions. Thus, energy based fracture definition can be more reliable because the energy is the integration of stress and strain. On the other hand, previous studies of ice have shown that ice grains tend to separate in two ways: through ductile or brittle fracturing. If at a given speed of impact the fracture area recrystallizes during impact, the ice shows ductile behaviour (Dutta et al. 2004; Jones 2007) . For brittle behaviour, discrete finite element modelling seems to be an adequate approach (Lau et al. 2011) . However, for ductile behaviour, a new approach is necessary. If this type of behaviour is modelled with discrete elements, then a high-friction coefficient between the discrete particles can be useful to model the recrystallization.
The cohesive zone model (CZM) is one type of discrete element method and generally used to model composite material. In the CZM model, a zero thickness layer between the elements is defined, and when this layer reaches a sufficient energy level, the cohesive element between the bulk elements fails, and the fracture initiates. Figure 15 illustrates the cohesive element method. The narrow band in the figure is termed the cohesive zone and is assumed to exist ahead of a crack tip, which represents the fracture process zone. According to the CZM method, the crack-opening forces are calculated by using the relative displacement between adjacent nodes. It is considered that fractures occur when the energy-release rate is greater than the fracture-resistant toughness of the material. Gürtner (2009) used the CZM model to simulate ice interaction between ice sheets or layers and multiple protection piles. The simulation results were then compared with experimental test results. Bjerkås et al. (2010) studied the cohesive dynamic response compared to the static response for a lighthouse. In addition, Hilding et al. (2012) used the CZM model to investigate a full-scale offshore lighthouse that was penetrated by drifting ice. The CZM model has been preferred in several previous studies for solving the problem of fractures in the ice, as it follows the traction separation law. When numerically simulating ice by using the CZM model, it is necessary to introduce a zero thickness element around the element whose strength is defined by using the traction separation law.
To understand and solve the problem scientifically or numerically, a fracture is defined as the making of two surfaces by breaking a material, and the energy dissipated during this process per unit of the newly created fracture's surface area is the strain 23 energy-release rate. This rate is calculated by using a fracture toughness and elasticity modulus (Liu & Miller 1979) .
where G is the strain energy-release rate, K is the fracture toughness,  is the Poisson ratio and E is the elasticity modulus.
Ice fracture toughness is strain-rate dependent. Therefore, the energy-release rate is also strain-rate dependent. The existing explicit finite element programs do not involve a strain-rate dependent CZM model, because the CZM model is a phenomenological model, and it is modelled with a zero thickness virtual element between the other elements. Instead of using the strain rate, some studies have used the fracture-opening speed. As discussed in the previous section, the relations between strain rate and energy-release rate have been previously explored in the literature on ice. However, for modelling ice fractures with the CZM model, the strain rate-energy-release rate should be converted to the fracture-opening speed-energy-release rate relation. Previous studies have used a trial and error method to find this relation based on the trend of the strain rate-fracture toughness relation.
The softening and hardening behaviour predicted by the CZM model is governed by the traction-separation curve. This curve defines the resistance of the material to cracking. The area under this curve gives the fracture energy (Mulmule & Dempsey 1998) . It has been found that crack-opening displacements involve creep deformation. However, it is hard to measure the creep for fresh water and sea ice, due to the non-homogeneity of ice in terms of ice grains, brine volumes and other impurities (Mulmule & Dempsey 1999 ). Not only does the energy-release rate change based on the strain rate, but the material behaviour also changes from ductile to brittle. The traction-separation curve may be defined by the brittle or ductile behaviour of the ice. It is known that the area under the traction-separation curve gives the fracture energy. As we can see in Eq.16, separation is dependent on the fracture energy and the traction-separation curve. With an increase in the rate of loading, the ice fracture changes from ductile to brittle. When this change occurs, the traction separation changes according to changes in the strain rate. A fractureopening speed dependent traction-separation curve may be better for predicting ductile or brittle behaviour through one model. Figure16 shows the fracture-speed dependent traction-separation model based on the work of Tvergaard and Hutchinson (1992) that can be formulated as follows. 
where C  is the opening displacement, G is the strain-energy release rate, TSLC A is the area under traction-separation curve and max  is the maximum traction force.
Concluding Remarks
Due to global warming, merchant cargo ship operation in arctic areas has become feasible. Also, offshore platforms are increasingly used to develop oil and gas in arctic areas. In these situations, ships and offshore structures can be exposed to ice loads associated with collision impact. An adequate ice strength model is needed to accurately characterise the interaction effects between ships or offshore platforms and ice.
A review of the literature shows that a number of useful studies have been conducted on ice at material level and structure level. Here, we focused on collecting and reviewing many existing studies of the properties of ice, on conducting extensive experiments, and on compiling the database such that they can be used to better understand the structural behaviour of ice in relation to different impact speeds and metoceanic conditions. The available database can also be used for site-specific assessment, depending on the salinity and temperature at each particular location.
We examined ice structures in terms of the impact speed or strain rate effect. We found that compression tests are inadequate to describe elastic behaviour, as the Young's modulus varies a great deal in tests done even using the same equipment and under the same conditions. Non-destructive testing methods showed more reliable results. Sonic test results indicated that the elastic behaviour of ice may be assumed to be constant.
Previous studies of ice have also shown that the strain rate, temperature and salinity are important parameters in the structural behaviour of ice. Based on these studies and the trends of stress-strain curves obtained by compression tests, the relationships between ice strength and these various parameters were elucidated. It was also noted that laboratory produced sea ice specimens are less strong than real sea ice according to the collected database. During the preparation of sea ice in the laboratory it is cared to make homogeneous specimen and to get under control uncertainties such as air bubbles and salinity. For the real sea ice, those are random changes by metocean conditions. This may certainly cause the strength difference.
Based on the insights and findings of the test database in the literature and the new laboratory test results developed in the present study, a new constitutive equation used for ice materials was proposed where the effects of strain rate, salinity and temperature are taken into account. The new constitutive equation is obvious as it's formulation is classified into two groups that represent ductile and brittle behavior as per the critical strain rate. To define the failure stress in the new constitutive equation, the Johnson-Cook model originally used for metals was used by modifying it to take into account the effects of salinity and temperature properly. Also, a fracture model was used to define the crack opening displacement in the constitutive equation.
A separate study associated with the MSc thesis (Kumar 2016 ) of the second author was undertaken to validate the applicability of the proposed model where a comparative study of existing ice models was performed. A separate paper is also under development to illustrate the applied examples of the proposed model where structural crashworthiness
